Time- and density-dependent microstructure features of compacted bentonite  by Wang, Qiong et al.
H O S T E D  B Y The Japanese Geotechnical Society
Soils and Foundations
Soils and Foundations 2014;54(4):657–666http://d
0038-0
nCor
Descart
Tel.: þ
E-m
Peerx.doi.org/
806/& 201
responden
es, Cham
33 1 64 1
ail addre
review un.sciencedirect.com
e: www.elsevier.com/locate/sandfwww
journal homepagTime- and density-dependent microstructure features of compacted bentonite
Qiong Wanga,d, Yu-Jun Cuia,c,n, Anh Minh Tanga, Xiang-Ling Lib, Wei-Min Yec
aEcole des Ponts ParisTech, Laboratoire Navier/CERMES, 6 et 8 Av. B.Pascal, F-77455 Marne-la-Vallée CEDEX 2, France
bEuridice Group, SCK/CEN, Boeretang 200, BE-2400 Mol, Belgium
cTongji University, 1239 Si Ping Road, 200092 Shanghai, China
dARC Centre of Excellence for Geotechnical Science and Engineering, The University of Newcastle, Callaghan, 2308 NSW, Australia
Received 10 May 2013; received in revised form 12 February 2014; accepted 15 March 2014
Available online 15 July 2014Abstract
Pre-compacted bentonite bricks are often considered as sealing/backﬁll elements in deep geological repositories for high level radioactive
waste. A good understanding of their microstructure changes upon hydration is essential as the microstructure changes are directly related to the
macroscopic hydro-mechanical behaviour. In this study, the microstructure features of the compacted MX80 bentonite used as a sealing material
in a ﬁeld experiment were characterized by means of both mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM).
Emphasis was put on the effects of ﬁnal dry density (density after swelling) and hydration time. The results obtained show that the changes in soil
porosity upon swelling are mainly due to the increase in large-pores of about 50 mm diameter and medium-pores of 1 mm diameter. In addition,
the microstructure changed over time due to the water re-distribution that occurred among each level of pores: the volume of both the large-pores
and small-pores decreased along as the volume of the medium-pores increased. A uniform microstructure can be then expected in the long term.
Furthermore, it was observed that the higher the ﬁnal dry density, the slower the microstructure changes.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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In the concept of deep geological repository for high-level
radioactive waste (HLW), compacted bentonite is often considered
as the buffer and sealing material. During its long lifetime, this
material will be subjected to thermo-hydro-mechanical (THM)
loadings, and it is therefore important, for the safety of the storage10.1016/j.sandf.2014.06.021
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der responsibility of The Japanese Geotechnical Society.system, to well understand its behaviour under such complex and
coupled loadings. On the other hand, as the thermo-hydro-
mechanical (THM) behaviour of bentonite is strongly dependent
on its microstructure changes (Cui et al., 2002; Delage, 2007;
Romero and Simms, 2008), a good understanding of its micro-
structure changes is essential.
Bentonites are mainly composed of smectites, which are made
up of structural units (known as laminae or layers) that pile up
forming primary particles (Villar et al., 2012); the particles of
the clays aggregate together and form aggregates (Delage, 2006).
The organisation of the laminae, particles and aggregates gives
rise to the following different types of pores (Stepkowska, 1990):
(1) inter-layer or inter-laminar pore, which is usually smaller thanElsevier B.V. All rights reserved.
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than 0.002 μm). The inter-layer or inter-laminar pores and
inter-particle pores are also known as micro-pores, and the inter-
aggregate pores can be divided into macro-pores (40.05 μm) and
meso-pores (o0.05 μm) (Villar et al., 2012).
The microstructure feature of bentonite has been qualitatively
and quantitatively investigated using scanning electron micro-
scopy (SEM) and mercury intrusion porosimetry (MIP) (Delage,
1996, 2007). SEM is employed to qualitatively visualize the
arrangement of particles/aggregates, while MIP is normally used
to identify the pore size distribution (PSD), relating the volume of
intruded pores to the pressure required for intrusion (Romero and
Simms, 2008). Due to the limited pressure range of the MIP
technique (up to 200 MPa, depending on the working pressure of
the apparatus used), a signiﬁcant pore volume (entrance diameter
smaller than 6 nm) within the aggregates is not detectable
(Delage et al., 2006; Lloret et al., 2003; Lloret and Villar,
2007; Nowamooz and Masrouri, 2010; Wang et al., 2013).
Transmission electronic microscope or X-ray diffraction (Ben
Rhaïem et al., 1985; Saiyouri et al., 1998) can be used to deal
with these small pores. Thus, the PSD curve obtained by MIP
corresponds to the macro-porosity (40.05 mm) and part of the
meso-porosity (2 nm to 0.05 mm) according to the deﬁnition
above. A typical bi-model porosity is usually observed by MIP on
compacted unsaturated bentonite (Ahmed et al., 1974; Delage
et al., 1996; Romero et al., 1999; Cui et al., 2002; Delage, 2007),
deﬁning the small-pores (meso-pores) and large-pores (macro-
pores). An increase of dry density reduces the large-pores quantity
(Delage and Graham, 1995; Sridharan et al., 1971; Wang, 2012),
but does not change the small-pores. Upon hydration, Cui et al.
(2002) observed that wetting by decreasing suctions under
constant volume condition leads to deformation of aggregates;
as a result, the large-pores are progressively clogged.
The microstructure of compacted bentonite can also change
over time. Indeed, Delage et al. (2006) investigated the time-
dependent microstructure changes of the MX80 bentonite com-
pacted at various dry densities and water contents, and they
observed that under the constant volume condition, the micro-
structure of soil changed over time because of the equilibration of
water potential between different types of pores. Their work was
however limited to the as-compacted state which corresponds to
an unsaturated state. To the authors' knowledge, there has been no
investigation into the microstructure changes over different
hydration times when the soil samples are fully saturated, evenFig. 1. Overview of the PRthough this corresponds to the situation in a real repository system
for nuclear waste.
This effect of hydration time on microstructure changes was
investigated in the present work. The soil studied is the pre-
compacted MX80 bentonite which is used for the hydraulic seal
in the PRACLAY in-situ experiment performed in the under-
ground laboratory of Mol, Belgium. It includes mainly three tests
as shown in Fig. 1: the Gallery & Crossing Test, the Heater Test,
and the Seal Test. The Heater Test, in which a 30-m long gallery
section will be heated for 10 years, aims at investigating a large
scale thermal impact of HLW repository on the host Boom Clay.
To simulate the most critical state and phenomena in terms of
THM responses that could occur within Boom Clay, a low-
permeability boundary condition at the head of heater is needed
(Tang et al., 2008; Li et al., 2010). For this purpose, an annular
seal composed of compacted bentonite was installed between
the heated zone and the access gallery (Seal Test in Fig. 1). The
bentonite bricks are expected to swell upon hydration, ﬁlling the
initial technological voids (which have been estimated at 6.9%
after installation) and compensating for the deformation of the
host Boom Clay. Thus, the dry density of the bricks decreases as
a result of swelling. From a practical point of view, it is important
to understand the microstructure changes due to the density
evolution.
In this study, the microstructure features of MX80 bentonite
were investigated by means of both mercury intrusion porosime-
try (MIP) and scanning electron microscopy (SEM). To study the
density effect, saturated samples with different ﬁnal dry densities
(density after swelling) were prepared by hydrating samples with
different values of annular voids. To study the hydration time
effect, samples of different dry densities were maintained for
various time periods after saturation, and then subjected to
microstructure investigation.2. Materials and methods
2.1. Materials
Samples used in this study were cut from the pre-compacted
MX80 bentonite blocks identical to those used for the construc-
tion of the hydraulic seal in the PRACLAY test (Seal Test in
Fig. 1). The initial dry density of the material was 1.80 Mg/m3
and the initial water content was 15.22%. The MX80 bentoniteACLAY experiment.
Fig. 3. Constant volume cell used for hydration.
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content of 80%. Its liquid limit (wL), plastic limit (wP) and
plasticity index (Ip) were 520%, 46% and 474, respectively. The
cation exchange capacity (CEC) was 76 meq/100 g, of which
Naþ represents 83%.
The PSD curve obtained from MIP tests on the as-
compacted bentonite (ρd¼1.80 Mg/m3, e¼0.54, w¼15.22%)
is shown in Fig. 2. A typical bimodal porosity was identiﬁed,
deﬁning a family of small-pores of 0.015 μm diameter and a
family of large-pores of 10 μm diameter (corresponding to the
meso-pores and macro-pores, respectively). The quantity of
large-pores, which has been shown to depend on dry density
(Delage and Graham, 1995; Delage et al., 1996; Sridharan
et al., 1971; Wang et al., 2013), appeared quite limited.
Note that there was also a signiﬁcant quantity of pores
(entrance diameter smaller than 6 nm) that could not be
detected by the MIP technique.Table 1
Experimental program.
Test ρd ﬁnal (Mg/m
3) Duration (days) MIP SEM
T15-1 1.80 15 √ √
T15-2 1.70 √ –
T15-3 1 60 √ √
T15-4 1.40 √ √
T15-5 1.40 √
T30-1 1.80 30 √ –
T30-2 1.70 – –
T30-3 1 60 √ –
T30-4 1.40 √ –
T90-1 1.80 90 √ –
T90-2 1.70 – –
T90-3 1 60 √ –
T90-4 1.40 √ –2.2. Experimental methods
In order to investigate the effects of ﬁnal dry density and
hydration time on the microstructure features of compacted
MX80, a constant volume cell (50 mm in diameter and 5 mm
in height) was developed (Fig. 3). After referring to the
technological voids (different gaps between the bentonite
bricks) and the deformation of host Boom Clay, the ﬁnal dry
density values were chosen. A preliminary numerical analysis
showed that the value was around 1.60 Mg/m3. In order to
obtain experimental evidence of the ﬁnal dry density (dry
density after swelling) effect, four values ranging from 1.80 to
1.40 Mg/m3 (see Table 1) were considered, which correspond
to a swell in the range from 0 to 17.6% in the ﬁeld conditions.
To investigate the hydration time effect after saturation, threee =0.54
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Fig. 2. Pore size distribution of the as-compacted sample with a dry density of
1.80 Mg/m3. (a) Cumulative curves and (b) Differential curves.identical samples of each ﬁnal dry density were prepared and
hydrated for 15, 30 and 90 days, respectively (Table 1).
To prepare samples of different ﬁnal dry densities from the
same pre-compacted block, samples with the same height
(5 mm) but with a variety of different diameters (50.00, 48.63,
47.18 and 45.37 mm) were prepared by trimming. This implied
that there was an initial gap between the soil sample and the
inner wall of cell. It was this gap that simulated different
technological voids as well as the deformation of Boom Clay
(0–17.6% of the total volume) which appeared in the ﬁeld
conditions. Photo 1 shows that the samples were well posi-
tioned at the centre of the cell. To allow water ﬂow, ﬁlter
papers and porous disks were put at both sides of the sample.
The whole conﬁguration was then sandwiched between two
perforated discs (Fig. 3) and immersed in distilled water for
hydration. After the full saturation of the soil (veriﬁed after
hydration), assuming that the density was uniform in each
sample, the dry densities of the four samples were calculated:
they were 1.80, 1.70, 1.60 and 1.40 Mg/m3, respectively.
The samples subjected to different hydration times (15, 30 and
90 days) were extracted from the cell and then divided into two
parts, one for water content determination and the other for
Photo 1. Samples preparation with lateral gaps.
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samples was measured to verify the saturation of the samples. To
prepare the samples for microstructure observation (MIP and
SEM), it was necessary for the soil sample to be completely free
of moisture. Since air or oven drying often produces excessive
shrinkage, a freeze drying method was used. In freeze drying, a soil
specimen cut to small pieces (about 1.5 g) was immersed into
liquid nitrogen previously vacuum-cooled at its freezing point
(210 1C). Then, the frozen sample was transferred to the
vacuumed chamber of a freeze dryer for sublimation, and this
was sustained for about 24 h. This procedure minimizes the
microstructure disturbance during dehydration, and thereby ensures
the quality of the MIP results (Delage and Lefebvre, 1984; Cui
et al., 2002; Delage et al., 2006; Tang et al., 2011). For the SEM
test sample, the observation surface was obtained by fracturing the
frozen soil slices prior to placing them under vacuum in the freeze
dryer apparatus in which ice is sublimated (Delage et al., 1982). In
this fashion, the observation plane is well deﬁned and representa-
tive of the soil microstructure.
Afterwards, the microstructure was observed using the MIP and
SEM techniques. Mercury intrusion was performed by progres-
sively increasing mercury pressure up to 200 MPa. The problem of
the resistance of the soil structure to this high intrusion pressure (up
to 200 MPa) was discussed by Sills et al. (1973), who comparedthe pore-size distribution from MIP and nitrogen-sorption techni-
ques for Goethite, by Lawrence (1978), who compared the MIP
data of virgin and heated samples of clayey soils, and by Delage
and Lefebvre (1984), who compared the moisture curves derived
from MIP with those from conventional measurement techniques
for sensitive clays. Penumadu and Dean (2000) conﬁrmed the
relevance of this observation by working on kaolinite. All these
studies led to the same conclusion: the soil pore structure is not
affected during this high-pressure intrusion process since the pore
system is mostly ﬁlled with incompressible mercury.
The SEM allows images of a sample to be produced by
scanning it with a focused beam of electrons. The electrons
interact with electrons in the sample, producing signals that
contain information about the sample's surface topography.
Table 1 lists the MIP and SEM tests that were performed for the
microstructure observation. MIP tests were performed on all the
samples, but the results of T30-2 and T90-2 (dry density of
1.70 Mg/m3) are unfortunately not available due to some technical
problems that occurred during the test. An additional test T15-5,
which is identical to T15-4 was also performed to verify the
repeatability of the MIP test. For the SEM tests, only the three
samples hydrated for 15 days were investigated. This test program
was motivated by the comparison of the pore size distributions
obtained from MIP tests. Indeed, the ﬁrst comparison showed that
e=0.98
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T15-4, d = 1.40 Mg/m3, e = 0.98, saturated 
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too small to be identiﬁed by the SEM technique.
3. Experimental results and discussions
3.1. Water content after hydration
The water content was determined after hydration for all
samples, and the results are presented versus the ﬁnal dry
density in Fig. 4, together with the saturation lines. The water
contents measured at different hydration times (15, 30 and 90
days) were similar for the same ﬁnal dry density, indicating the
saturation of all samples. In addition, the measured water
contents were higher than those deﬁned by the saturation line
which was calculated by assuming that the water density (ρw)
was equal to 1.00 Mg/m3 (Fig. 4). The difference can be
attributed to the low water density considered in the determi-
nation of the saturation line. Indeed, for high plasticity
materials like MX80 bentonite, the water density can be higher
than 1.00 Mg/m3 (Marcial, 2003; Villar and Lloret, 2004;
Lloret and Villar, 2007; Jacinto et al., 2012). Skipper et al.
(1991) reported an interlayer water density of 1.38 Mg/m3 for
a Mg-smectite and 1.14 Mg/m3 for a Na-smectite. Villar and
Lloret (2004) found that the average density of the water in the
saturated compacted FEBEX bentonite depends also on the
sample global density and gravimetric water content. They
found that the values range from 1.05 Mg/m3 to 1.22 Mg/m3
for the bentonite dry densities comprised between 1.30 Mg/m3
and 1.80 Mg/m3. Based on the speciﬁc surface and basal
spacing, Jacinto et al. (2012) calculated the average water
density of bentonite. They found that the values changes from
1.17 to 1.09 Mg/m3 when increasing the relative humidity
from 40% to 99% for the MX 80 bentonite compacted at
1.60 Mg/m3 dry density. If considering a microscopic water
density of 1.09 Mg/m3 for the saturated MX80 bentonite, the
saturation line can be re-calculated and the results are shown in
Fig. 4. It is interesting to note that the estimated results are in
good agreement with the experimental ones at dry densities
lower than 1.60 Mg/m3. However, for higher dry densitiesFig. 4. Relationship between water content and ﬁnal dry density after different
hydration times.(1.70 and 1.80 Mg/m3), it appears clearly that higher water
densities must be considered to match the experimental results
as well as the values deﬁned by the saturation line. This is
consistent with the phenomenon of water density increase with
increasing soil dry density, as reported by Villar and Lloret
(2004).3.2. Effect of dry density
Fig. 5 presents the results from the MIP tests on the samples
hydrated for 15 days, together with that of the as-compacted
sample. Note that in this paper, the symbols plotted in the PSD
curves do not correspond to all the measurement points, and just a
few symbols in each curve are plotted for the distinction purpose.
The cumulative curves (Fig. 5(a)) shows that the ﬁnal values of
intruded mercury void ratio (em) are lower than the soil void ratio
(e). The difference can be mainly related to the limited range of the
MIP technique (0.006–400 mm). In this study, the non identiﬁable
pores (entrance diameter smaller than 0.006 mm) by MIP are
termed as inaccessible-pores. Note that the possible pores larger
than 400 mm that can be intruded by mercury before the beginning
of the test (Lloret and Villar, 2007) are not considered.
As mentioned previously in Fig. 2, typical bimodal porosity was
observed for the as-compacted state (ρd¼1.80 Mg/m3), with two
pore families deﬁned: small-pores with a mean size of 0.015 mm;
and large-pores with a mean size of 10 mm. The pore size function
curve in Fig. 5(b) shows that water saturation increased the size of
dominant large-pores to 30–50 mm, without signiﬁcantly changing
the size of small-pores. Moreover, a new pore family with a pore
size of 0.04–2 mm appeared (deﬁned as medium-pores) for the0.0
0.001 0.01 0.1 1 10 100 1000
Fig. 5. Results of MIP tests on saturated samples having different ﬁnal dry densities
and hydrated for 15 days. (a) Cumulative curves and (b) Differential curves.
Note: symbols plotted in the ﬁgure do not correspond to all the measurement points,
and just a few symbols in each curve are plotted for the distinction purpose
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Q. Wang et al. / Soils and Foundations 54 (2014) 657–666662ﬁnal dry densities of 1.70, 1.60 and 1.40 Mg/m3 (Fig. 5(b)),
displaying a tri-modal porosity. In Fig. 5, it can be also observed
that the PSD curves obtained for T15-5 are close to that of T15-4,
showing a satisfactory repeatability of the MIP tests. Meanwhile,
this repeatability also shows that the protocol adopted for the
sample preparation by freeze-drying is reliable because it allows
the sample disturbance to be minimised.
To provide a quantitative analysis of the ﬁnal dry density effect
on the various pores, the following four pores families were
deﬁned according to the entrance diameter of inaccessible-pores
and medium-pores: inaccessible-pores (o0.006 μm), small-pores
(0.006–0.04 μm), medium-pores (0.04–2 μm) and large-pores
(42 μm). Using these limit values, the void ratios corresponding
to these four pore families can be derived from the cumulative
curves (Fig. 5(a)). Taking the PSD curve of 1.40 Mg/m3 for an
example, the inaccessible-pores void ratio (0.257) corresponds to
the difference between the global void ratio (0.98) and the intruded
void ratio at the entrance diameter of 0.006 mm (0.723); the small-
pores void ratio (0.181) corresponds to the difference of intruded
void ratio between the entrance diameter of 0.006 μm (0.723) and
0.04 μm (0.542); the medium-pore void ratio (0.256) corresponds
to the difference of intruded void ratio between the entrance
diameter of 0.04 μm (0.542) and 2 μm (0.286); the large-pore void
ratio corresponds to the intruded void ratio at the entrance diameter
of 2 μm (0.286).
The void ratios determined for all four pore families and for all
ﬁnal dry densities are plotted in Fig. 6. It clearly shows that during
the swelling under hydration, both the large-pores and medium-
pores volume increased signiﬁcantly with decreasing ﬁnal dry
density (increasing the global void ratio), while the quantity of
small-pores decreased slightly. This means that the main change in
soil porosity when passing from a dense state to a looser state by
hydration is due to changes in the large-pores and medium-pores.
As far as the inaccessible-pores are concerned, an increase in the
number of of these pores was observed during swelling under
hydration. This can be explained as follows: in the montmorillo-
nite, hydration initially occurred on the mineral surface and around
the ex-changeable cations in the interlayer space, by the ordered
and progressive placement of water molecules along the clay
surface, layer after layer up to four layers. This process results in
soil swelling (Saiyouri et al. 2000). In case of constrained volume
conditions, this swelling is not allowed to be fully developed; a
lower ﬁnal dry density (higher void ratio) normally allows more
water inﬁltration into the interlayer space, thereby resulting in a
higher inaccessible porosity by MIP.
It is worth noting that several methods have been proposed in
the literature to quantify the volume changes at different micro-
structure levels for compacted clays. As mentioned previously, the
microstructure of these kinds of clays is characterised by a bimodal
PSD (Romero et al., 1999; Lloret et al., 2003; Agus and Schanz,
2005; Delage et al., 1996 and 2006). The as-compacted PSD curve
is normally used to separate the different porosities by an entrance
pore size (Romero et al., 2011). Delage and Lefebvre (1984) and
Delage et al. (1996) proposed another method based on the data
from a mercury intrusion/extrusion cycle. If these methods have
been successfully applied for unsaturated soils (Delage et al., 2006;
Lloret and Villar, 2007), it is not the case for saturated soilsbecause the the different levels of structure within compacted clay
interact in a more complex fashion (Monroy et al. 2010). The
present study conﬁrms this complexity: a new pore family of
medium-pores appeared after saturation, between the small- and
large-pores deﬁned from the PSD of as-compacted sample.
Photo 2 presents the SEM images of the soil samples saturated
for 15 days along with those of as-compacted samples. Note that
the small-pores observed in MIP test (0.015 mm) cannot be
distinguished by the SEM technique. In the as-compacted state,
the SEM picture clearly shows the densely assembled clay
aggregates (Photo 2(a)). The large-pores that were observed on
the MIP test (10 mm of entrance diameter) can be related to the
voids existing between the clay aggregates. Saturation at constant
volume conditions induced the swelling of clay aggregates, making
it difﬁcult to identifythe aggregates (Photo 2(c)). Nevertheless,
ﬁssure-like (with very large aspects ratio) 2-dimensional pores (2-D
pores) appeared, which corresponds to the pore family with a mean
diameter of 30 mm in Fig. 5. Audiguier et al. (2008) explained the
formation of the 2-D pores by the division of clay particles within
the aggregates due to swelling. These pores become larger when
the ﬁnal dry density of soil is lower (Photo 2(e) and Photo 2(g)).
Observation on the clay aggregates surface shows that it was not
signiﬁcantly affected by hydration when the dry density was kept
constant (Photo 2(d)). When swelling was allowed, it seems that
the clay lamella were progressively separated (Photo 2(f) and
Photo 2(h)). In the case of ρd¼1.40 Mg/m3 (Photo 2(h)), this
lamella separation created a new pore family inside the clay
aggregate. This new pore family corresponds to the medium-pore
that was observed from the MIP test (Fig. 5).
3.3. Effect of hydration time
Fig. 7 presents the MIP tests results obtained on the soil samples
hydrated at various periods (15, 30 and 90 days). For the samples
with ρd¼1.80 Mg/m3 (Fig. 7(a)), the results obtained for the three
periods are quite similar. For the samples with ρd¼1.60 Mg/m3
(Fig. 7(b)), the results obtained at 15 and 30 days of hydration are
similar, with both cases showing a double-porosity structure (with
small- and large-pore families). For the results obtained on the
d 
Dimension of pictures: 2500 2000 m Dimension of pictures: 25 20 m 
As-compacted 
1.80 Mg/m3 
Saturated 
1.80 Mg/m3 
Saturated 
1.60 Mg/m3 
Saturated
1.40 Mg/m3 
Photo 2. SEM pictures of soil samples at different states.
Note: symbols plotted in the ﬁgure do not correspond to all the measurement points, and just a few symbols in each curve are plotted for the distinction purpose
Q. Wang et al. / Soils and Foundations 54 (2014) 657–666 663sample after 90-day hydration, the medium-pore family appeared.
As mentioned previously, for the sample with 1.40 Mg/m3, this
medium-pore appeared much earlier, after 15-days of hydration
(Fig. 5). Fig. 7(c) shows that the volume of this pore family
continued to increase over time.The values of void ratio corresponding to the four pore
families were determined following the deﬁnitions made
previously and plotted versus hydration time in Fig. 8. It can
be seen that over time the inaccessible-pore void ratio
remained almost constant for all ﬁnal dry densities. For the
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Q. Wang et al. / Soils and Foundations 54 (2014) 657–666664ﬁnal dry density of 1.80 Mg/m3 (Fig. 8(a)), the medium-pores
void ratio increased slightly, while the small-pores void ratio
decreased slightly, with no obvious changes in the large-pores
void ratio. For the ﬁnal dry densities of 1.60 and 1.40 Mg/m3,
both the large-pore void ratio and small-pore void ratio
decreased over time, resulting in an increase in the volume
of medium-pores (Fig. 8(b) and (c)). Moreover, the change in
medium-pore void ratio with time at the density of 1.40 Mg/m3
was found higher than that at 1.60 Mg/m3:1.63 103/day
against 0.69 103/day.
As a ﬁrst attempt, the re-organisation of microstructure over
time can be related to the water distribution inside the soil at
constant water content (the saturation state in this study).
When compacted clays are wetted by liquid water, water ﬁllsthe open channels ﬁrst; however, this quantity of water in the
inter-aggregate pores is not necessarily in equilibrium with the
water inside the aggregates in terms of water potential (Alonso
et al. 2011). Over time, water is driven from the open
connected inter-aggregate pores to the intra-aggregate pores
until equilibrium is reached. This process is accompanied by
the swelling/deformation of aggregates, corresponding to
microstructure changes. Obviously, this process is strongly
dry density dependent especially under constant volume
conditions: a larger inter-aggregate pore volume exists in
samples at low ﬁnal dry density (for instance, in the case of
ρd¼1.40 Mg/m3), making the swelling/deformation of aggre-
gates easier; on the contrary, at high ﬁnal dry density
(for instance, in the case of ρd¼1.80 Mg/m3), the limited
00.1
0.2
0.3
0.4
0 20 40 60 80 100
Vo
id
 ra
tio
 (
-)
Hydration time (day)
Inaccessible void ratio
Small-pore void ratio
Medium-pore void ratio
Large-pore void ratio
0
0.1
0.2
0.3
0.4
0 20 40 60 80 100
Vo
id
 ra
tio
 (-
)
Hydration time (day)
0
0.1
0.2
0.3
0.4
0 20 40 60 80 100
Vo
id
 ra
tio
 (-
)
Hydration time (day)
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swelling/deformation of aggregates, thereby limiting the
microstructure changes.4. Conclusions
The effects of ﬁnal dry density and hydration time on the
microstructure features of compacted MX80 bentonite in
saturated state were characterised by means of both MIP and
SEM techniques.On the whole, four pore families can be distinguished: (1)
inaccessible-pore (o0.006 μm) corresponding to the pores
that cannot be detected by the MIP technique employed, (2)
small-pore (0.006–0.04 μm), (3) medium-pore (–02 μm) and
(4) large-pore (42 μm).
Hydration for 15 days created a new medium-pore family
when the soil was allowed to swell from its initial dry density
of 1.80–1.40 Mg/m3. This swelling was found to correspond to
the increase in inaccessible-pore, medium-pore and large-pore
void ratios but in a decrease in the small-pore void ratio.
When the soil was hydrated under constant volume condi-
tions, similar microstructures were identiﬁed after various
periods of hydration (15–90 days). When swelling was
allowed during hydration, a new pore family (medium-pore)
can appear. In the case of ﬁnal dry density of 1.60 Mg/m3, this
new pore family appeared only after 90 days of hydration.
However, in the case of ﬁnal dry density of 1.40 Mg/m3, it was
identiﬁed much earlier, after a 15-day hydration. Moreover, the
medium-pore volume was found to increase over time in the
case of ﬁnal dry density of 1.40 Mg/3. This increase seemed to
be contributed by both the small- and large-pores: both pore
families decreased in volume.
Our ﬁrst attempt at an explanation is as follows: the ﬁnal dry
density and time dependent features of the microstructure of
compacted MX80 can be attributed to the process of equilibra-
tion of water potential between water in the open inter-
aggregate pores and water inside the aggregates. It is the
water movement during this process that leads to the swelling/
deformation of aggregates or microstructure changes.
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